Abstract. The geodesic acoustic mode (GAM) is a coherently oscillating mode, related to the zonal flows that can regulate turbulence in magnetized toroidal plasmas. Modes possessing geodesic acoustic character have been widely observed in the TCV tokamak. A transition has been observed in the course of a single discharge from a continuum regime to a radially extended single-frequency regime. The mode has been also observed and characterized for the first time in the scrapeoff layer, primarily by Langmuir probes, suggesting a particle flow to the edge modulated at the mode frequency. These experimental observations are consistent with nonlinear global gyrokinetic simulations, reported in a companion paper [1]. These also suggest a possible coupling with radial avalanche phenomena.
Introduction
Zonal flows are azimuthally symmetric band-like sheared flows that are widely observed in nature and in the laboratory [2, 3] . In the context of magnetized toroidal plasmas, zonal flows are sheared n = 0, m = 0 E × B flows associated with an electric field fluctuation which is constant on magnetic surfaces but varies perpendicularly with finite radial wave number. Zonal flows are excited nonlinearly by all types of microinstabilities and in turn regulate transport by shearing the turbulent eddies. Understanding this self-organization mechanism is an important issue in magnetic confinement fusion research. The geodesic acoustic mode (GAM) [4] is a finite frequency branch of zonal flows coupled to a n = 0, m = 1 up-down-antisymmetric pressure perturbation in a toroidal plasma. The GAM frequency is predicted to depend on the ratio of the ion sound speed c s ≈ (T e + T i )/m i to the major radius R: f = F 2 + q −2 c s /(2πR). Here, T e and T i are the electron and ion temperatures, respectively, m i is the ion mass, q is the safety factor, F is a coefficient of order unity which depends on plasma and shape parameters (especially elongation) [5, 6, 7] . The radial distribution and dispersion of GAMs differ between experiments. A continuum of GAM spectra has long been reported in many tokamaks [8] ; in this case the mode frequency depends on radius according to the local analytical formula and following the radial variation of the temperature. In other cases however, radial eigenmodes are also observed, i.e., a mode frequency that stays constant over a significant radial extent. In some cases there are several discrete coexisting eigenmodes [5, 9] , whereas in others a single-frequency [10, 11, 12] is observed. Analytical work [13] has shown that finite Larmor radius effects lead to the existence of global GAM eigenmodes, which could potentially explain the observations. Analytical work based on MHD [14] also found conditions for the existence of a global GAM. However, for the TCV experiments reported here, the single frequency regime is observed at frequencies below the local GAM frequency, whereas the above-mentioned analytical works predict a global GAM propagating at frequencies above the local GAM frequency. Other possible explanations include a radially extended dominant component associated with the continuum GAM [15] . In this paper, we present an experimental observation of a regime transition between continuum and singlefrequency in an electron-cyclotron-heated limited L-mode discharge in the course of a plasma current ramp-up in TCV. Oscillations at the edge GAM frequency also appear in multiple other fluctuating fields. In the 2011-2013 TCV campaign [11] , GAMs were simultaneously observed as a coherent mode in four different fields: the m = 0Ẽ × B flow, the m = 1 density componentñ, the electron temperature componentT e , as well as the magnetic componentB θ , which was found to have toroidal mode number n = 0 and poloidal mode number dominated by m = 2, consistent with theoretical predictions [16] . The magnetic component of the GAM was also reported from the DIII-D [9] , T-10 [12] and Globus-M [17] tokamaks. In the latter case oscillations at the GAM frequency were also observed on the D α emission intensity. In the 2016 TCV campaign, oscillations at the edge GAM frequency were detected in divertor L-mode discharges for the first time by several scrape-off layer (SOL) diagnostics: magnetic probes (pickup coils) and Langmuir probes near the strike points, and also D α emission signals. GAM-like divertor fluctuations were also observed on inner and outer divertor probes in I-mode regime in Alcator C-Mod [18] . The remainder of this paper is organised as follows. The experimental setup is presented in section 2 and the identification of the mode is discussed in section 3. Section 4 reports on the transition from a continuum to a global mode. A characterization of the oscillations at the edge GAM frequency in the SOL is presented in section 5, followed by conclusions in section 6. A companion paper [1] presents an extensive theoretical and numerical analysis of these modes in TCV.
Experimental setup
The experiments were performed on the TCV tokamak [19, 20] at the Swiss Plasma Center, EPFL, Switzerland. The major radius and minor radius are 0.88 m and 0.25 m, respectively. The GAMs were studied in Ohmic and L-mode deuterium plasmas with toroidal magnetic field B T ∼ = 1.3 T, plasma current I p = 100 − 350 kA, central line-integrated electron density n = 0.5 − 5 × 10 19 m −2 , and in both limited and diverted configurations. The divertor configurations include lower single-null (LSN) topologies with different levels of poloidal and total flux expansion (including X-and Super-X divertors [21] ), as well as upper single null (USN), double null (DN), and snowflake [22, 23] (SF) topologies, made possible by the unique shaping capability of the TCV tokamak. The auxiliary heating is applied in the form of electron cyclotron resonance heating (ECRH) at the second (X2) harmonic with up to 1.35 MW input power. A schematic figure of the main diagnostics used in this paper is shown in Fig. 1 . The main tool used to study the GAM regime transition is the tangential phase contrast imaging (TPCI) diagnostic [24] , a laser-based system measuring line-integrated electron density fluctuations, with radial spatial resolution enhanced by the tangential injection geometry using spatial filtering techniques: for a radial mode such as the density component of the GAM, the TPCI measurement is localized at the point where the laser is tangent to the magnetic flux surfaces. The diameter of the laser beam is 5 cm, subdivided by the detection geometry into 9 parallel and co-planar chords. The entire radial distribution of the GAM can be resolved by shifting the plasma column vertically in the highly-elongated TCV vacuum vessel. The present frequency bandwidth is 1.6 MHz and wave number resolution is in the range of ion scale microinstabilities, 1 cm −1 < k ρ < 9 cm −1 . The magnetic component of the GAM is measured by the magnetic probe arrays installed on the inside wall of the device. Each probe is absolutely calibrated and measures the time derivative of the magnetic field component along the probe axis, which lies in a poloidal plane and is aligned with the vessel wall [25] . Three pairs of toroidal arrays are installed at the mid-plane of the vacuum vessel, and 35 cm above and below it, respectively. Each pair includes 8 magnetic probes on the high field side (HFS) and 16 probes on the low field side (LFS) located at equidistant toroidal angles, allowing the identification of toroidal mode number n = 0 − 8. Four poloidal arrays at four poloidal cross sections toroidally separated by 90
• are each equipped with 38 near-evenly spaced magnetic probes, providing a high-resolution measurement of the poloidal mode number m of modes inside the last closed flux surface (LCFS), as well as localized features in the SOL e.g., near strike points in a divertor configuration.
The main SOL diagnostic is a set of 114 wall-mounted Langmuir probes, located on the floor and both the HFS and LFS walls of the vacuum vessel. The Langmuir probe set allows measurements in many geometries, such as LSN divertors with strike points moving broadly from the HFS to the LFS and with varying poloidal flux expansion, and SF plasmas. Langmuir probe measurements for the upper strike points in the USN and DN configurations are not available. Each Langmuir probe is biased to a constant −100 V to measure ion saturation currents. The final diagnostic is a set of D α emission photodiodes, one viewing vertically from the top, and three viewing horizontally from the LFS to z = ±40 cm and z = 0 cm (the midplane), respectively.
Mode identification
The characteristics of these oscillations are found to be consistent with the standard GAM in three different respects: frequency scaling, axisymmetry and mode-turbulence interactions, as illustrated in Fig. 2 . Figure 2 (a) shows the spectrogram of a magnetic probe signal in an Ohmic discharge featuring a density ramp, at the outer strike point on the vessel floor. The GAM frequency scales with the square root of the plasma temperature, and thus decreases during the Ohmic density ramp-up. As in this case the GAM appears as a radially extended mode, the calculated frequency uses T e at ρ ψ = 0.95, which is usually the outer limit of the GAM radial range. The toroidal mode number is found to be n = 0 from the bottom toroidal magnetic probe array at the HFS, as shown in Fig. 2 
(b) and (c). Finally, Figs. 2 (d) and (e) illustrate
the strong bicoherence at the GAM frequency and broadband turbulence frequencies from magnetic measurement, indicating nonlinear coupling between the mode and the turbulence. Therefore these modes are identified as GAMs.
Study of GAM regime transition
A regime transition between continuum and single-frequency is observed in a limited L-mode discharge with electron-cyclotron heating (ECH) in the course of a plasma current ramp-up. An overview of the plasma parameters for this shot is shown in Fig. 3 . The Thomson scattering system measures a central electron density n ≈ 4×10 19 m −3 , while the edge electron density at ρ ψ = 0.95 from t = 0.7 to 1.3 s is around 1.2 × 10 19 m −3 ; the electron temperature T e increases from 600 to 900 eV in the center while remaining relatively constant around 150 eV at ρ ψ = 0.95; I p increases from 100 to 180 kA during the transition, corresponding to a q 95 ramp-down from 8 to 5.5; the shape of the plasma is nearly constant during the ramp, with edge elongation κ = 1.52 and triangularity δ = 0.5 − 0.6. Three X2 ECH beams, each with 450 kW power, are injected into the plasma and the resonance layer is at ρ ψ = 0.5. The ECH power is absorbed outside the q = 2 rational surface before t = 0.9 s and inside the q = 2 surface afterwards. The transition from the GAM continuum to a radially extended regime starts at about t = 0.9 s. The radial profile of the GAM during the transition is illustrated in Fig. 4 , measured by 8 parallel chords of the TPCI system. The radial range of the measurement slightly changes with time due to a shift of plasma vertical position. At t = 0.7 − 0.9 s, the GAM appears mainly as a frequency continuum with multiple distinguishable eigenmodes, with the overall frequency decreasing with the radial location. From t = 0.9 s to 1.1 s, a mode at 27 kHz starts to dominate outside ρ ψ = 0.74, with another, weaker, coexisting mode at 28.4 kHz; in the region ρ ψ < 0.74 the mode frequency is still dependent on radius. Finally at t = 1.1 − 1.3 s, the GAM has fully developed into a coherent structure at 27.6 kHz over a radial range from ρ ψ = 0.72 to the outermost position of the measurement at ρ ψ = 0.85. Another 29.4 kHz mode can still be observed only on the innermost chord. The measured frequency is always lower than the local analytical GAM frequency (the dashed line in Fig. 4) , which is calculated with the simplified dispersion relation provided in Ref. [7] accounting the plasma elongation κ:
(1) In this discharge the T i measurement from CXRS is not available, an empirical ratio of electron to ion temperature T i /T e = 0.66 for similar discharges was used in the calculation. Note that the mode frequency tends to match the analytical prediction at the outermost radial position. Spatial correlation analysis on 9 radially separated TPCI chords shows that the radial wave number of the GAM is k ρ = 2 cm −1 , outward propagating, which is consistent with previous observations of single-frequency radially coherent GAMs on TCV [11] . Local and global nonlinear gyrokinetic simulations have been performed with GENE [26] with reference q, n e , T e and T i profiles from TCV experimental plasmas of both GAM continuum and radially coherent mode cases, as reported in the companion paper [1] . Nonlinear flux-tube simulations show that the E × B velocity oscillation frequency is always dependent on the local temperature with both reference profiles, however downshifted from the local analytical GAM frequency. Results from nonlinear global simulations on the other hand are fairly consistent with experimental observations: a coherent, mostly outward propagating, single-frequency oscillation of the flux surface averaged E × B velocity is found to exist over the radial range from ρ ψ = 0.65 to the simulation boundary, with T , n and q profiles from the radially extended GAM time slice; while the GAM frequency follows the local RosenbluthHinton prediction [27] with profiles from the GAM continuum time slice [1] . The origin of the different GAM regimes can potentially be traced to the different q profiles, but also the different electron temperature and density as well as the corresponding gradient profiles, which would affect the turbulence driving the GAM. Also, in this discharge the ECH deposition position was passing the q = 2 surface at t = 0.9 s when the transition from continuum to radially extended mode started; however, the overall T e and n e profiles only exhibit a distinguishable increase after t = 1.1 s, as shown in Fig. 5 . In order to distinguish the two effects, another global nonlinear GENE run was carried out with mixed conditions: T e and n e profiles from the radially extended GAM time slice, and q profile from the continuum GAM time slice. The results show that in this case the GAM is in the radially extended regime. In contrast, the results from the simulation with reversed conditions, i.e., T e and n e profiles from the continuum GAM discharge and q profile from the radially extended GAM time slice, show that the GAM is in the continuum regime [1] . Additionally, it is shown in fig. 5 that the GAM regime transition starts prior to the change in T e and n e profiles. Therefore, the conclusion is that varying the safety factor is not the cause behind the transition from continuum to radially extended regime.
GAMs in the scrape-off layer
In the 2016 TCV campaign, oscillations at the edge GAM frequency were detected in divertor L-mode discharges by several scrape-off layer (SOL) diagnostics: magnetic probes (pickup coils) and Langmuir probes near the strike points, and also D α emission signals. In order to understand these oscillations, multi-diagnostic measurements have once again been performed: TPCI is employed for measurement of conventional GAMs inside the LCFS; theJ i,sat component is measured at the strike points by Langmuir probes; theḂ θ component can be detected on magnetic probes at the two conventional strong m = 2 anti-nodes at the HFS wall, as well as at the strike points, as shown in Fig. 6 ; on D α emission, oscillations are observed mainly along the vertical line-of-sight channel, but also sometimes on the lateral line-of-sight channel in the bottom part of the vessel when the mode is sufficiently strong. 
Coherence and cross phase between different components
The coherence and cross phase between these GAMs observed at the outer strike point and the conventional GAMs at the plasma edge inside LCFS is shown in Fig. 7 (a,b) . The selected magnetic probe and Langmuir probe are both at the outer strike point (see Fig. 7 (c)), and theḂ andJ i,sat components are found to be in phase. The TPCI signal is obtained at ρ ψ = 0.97; the coherence between this density component inside the LCFS and the SOL components at the GAM frequency is around 0.2. This value is well below what is usually measured in limited discharges between magnetic and TPCI signals (typically 0.8) [11] , however the peak is clearly distinguishable from the background noise. The cross phase betweenñ andḂ is around 45
• . High coherence is observed between the D α emission signal and the magnetic component, and the cross phase is around 180
• . 
Mode distribution near strike points
A strike point sweep was performed to study the localization of GAMs in the SOL, as shown in Fig. 8 (a) . In this discharge, the outer strike point is swept from the HFS to the LFS during the LSN phase with nearly constant poloidal flux expansion (f x = 3 − 4). Here we focus on the time interval t = 0.4 − 0.5 s with R SP sweeping from 0.685 m to 0.858 m, through the Langmuir probe array from probe 1 to 19. At t = 0.4, 0.45, and 0.5 s, the strike point is roughly at the position of magnetic probes 31, 30 and 29, respectively. Fig. 8 (b) shows the spectrogram of signals from Langmuir probes 9 − 11 at t = 0.43 − 0.47 s and Fig. 8 (c) shows the spectrogram of magnetic probes 31 to 29 at t = 0.35 − 0.55 s. The GAM frequency is about 24 kHz. It can be seen from the spectrogram that the time range in which GAMs can be observed on a given Langmuir probe is around 10 to 20 ms, while GAMs can last on a magnetic probe for more than 100 ms over the entire sweeping phase. The complete mode power profile at the target is reconstructed using all 19 Langmuir probes and 5 magnetic probes on the vessel floor, as shown in Fig. 8 (d) and (e) for theJ i,sat andB components respectively. The distribution of theJ i,sat GAM mode power on the divertor target is very similar to the shape of the overallJ i,sat distribution, which peaks about 1.2 cm outside the strike point in the common flux region with a full width half maximum (FWHM) of 3.7 cm; therefore it's almost absent in the private flux region. The target distribution ofB has a much larger FWHM (8 cm) and peaks inside the strike point (−1.15 cm), so it can be observed in both the common and the private flux region. Note that after t = 0.5 s when the outer strike point is on the LFS inclined wall structure, the GAM mode power vanishes from the Langmuir and magnetic probe measurements, which is not reflected in the single curve shown in Fig. 8 (d) and (e). In addition to the dependence of the magnetic GAM signal on the location relative to the SP, there is a therefore also an overall decrease in signal as the SP moves towards to the LFS. In a LSN flaring experiment, illustrated by Fig. 9 , the amplitude of theB component of the GAMs is found to increase with the poloidal flux expansion f x . The outer strike point is slowly swept towards the HFS away from magnetic probe 30 from t = 0.5 to 1 s, with the distance between the two increasing from 9 to 17 cm during this time. However, the amplitude of the GAM increases during this sweep as shown in Figs. 9 (b) and (c), instead of decreasing as one would expect from Fig. 8 (e) . This suggests that the distribution of the SOLB component is affected by other parameters such as indeed the flux expansion. Fig. 9 (a) illustrates that although the strike point is moving away, the nearest flux surface to the magnetic probe 30 (within the resolution of the plot) is actually closer to the LCFS at t = 1 s than at t = 0.5 s, due to the effect of flux expansion. Therefore instead of the radial distance from the probe to the strike point, the radial distance at the outer midplane (upstream) from LCFS to the nearest flux surface to the probe is used for analysis, as shown in Fig. 9 (d) . The mode power profile peaks on the SOL flux surface 1.5 cm outside LCFS with a very narrow 0.69 cm FWHM, and drops to nearly zero before reaching the LCFS. This contradicts with the observation that the SOLB component peaks at the target as shown in Fig. 8 (e). Note that the curve in Fig. 8 (e) includes only data from a discharge with nearly constant flux expansion (f x = 3 − 4). Therefore the GAM mode target distribution is modified by the flux expansion, through mechanisms that are not understood at present and may be elucidated by future experiments. The studies of GAMs in the SOL were also extended to snowflake (SF) divertor and Super-X divertor discharges in TCV. TheJ i,sat component of the GAM can be observed on the inner primary strike point of the snowflake-minus (SF-) configuration. This result is mainly consistent with the heat flux reduction at the target from SN to SF configurations in TCV [23] : GAMs are only detectable on the strike points on which the heat flux and particle flux remain high in going from the SN to the SF di- vertor configuration. The magnetic component, as shown in Fig. 10 , can be detected over a broader range as expected: in the SF-configuration ( Fig. 10(a) ), the GAM is detectable around both primary SPs at probes 31 and 35, as well as the bottom secondary SP around probe 29; in the SF+ configuration, it is mainly localized around the inner primary SP at probe 35 and the bottom secondary SP at probe 29; in the Super-X divertor configuration, it is located from the inner SP to probe 29 in both LSN and Super-X configurations. The absence of GAMs at the outer primary strike point in the SF+ and Super-X configuration is consistent with the fact that the mode power tends to vanish as the outer strike point moves towards the LFS even for a SN configuration, as stated earlier in this paper.
The observations of GAM oscillations on the Langmuir probe signals suggest that a particle flux modulated at the GAM frequency travels along the SOL field lines to the strike points. The radial distribution of the J i,sat component is consistent with the heat flux distribution. This hypothesis would also explain the GAM oscillations on the D α emission intensity, as the particle flux hits the divertor target inducing recycling at the GAM frequency. The very fact that fluxes are observed to be modulated at the same frequency as the coherent mode observed in the core suggests a coupling between the two phenomena. Nothing that linear GAM physics alone cannot explain radial transport, a possible but still tentative explanation for the flux modulation is based on global gyrokinetic simulations using the GENE and ORB5 [28] codes, in which particle and heat fluxes modulated at the coherent frequency were observed, exhibiting avalanche-like behavior [1, 28, 29] . So far, no non-Gaussian probability distribution function (PDF) of electron density fluctuations has been obtained from TPCI observations. We note, however, that this is not incompatible with avalanche processes, in which a non-Gaussian PDF of heat fluxes can be obtained with Gaussian PDFs of electron temperature and density fluctuations. Also as the X-point topology and associated physics is not implemented in GENE or ORB5, the predictions were for limited plasmas, a configuration in which we should stress that we haven't observed any GAM signal on any SOL diagnostics such as inner wall Langmuir probes or D α photodiodes. Further studies should be carried out in the future on the relation between GAM and avalanches.
Conclusions
In conclusion, GAMs have been further investigated in experiments in the TCV tokamak. A GAM regime transition from continuum to single-frequency radially extended regime was observed and analyzed in an ECH limited L-mode safety factor scan.
Comparisons with global nonlinear gyrokinetic simulations suggest that the different electron density and temperature as well as their gradient profiles are the underlying reason for the two different regimes. In addition, GAM oscillations have been observed and characterized on the SOL diagnostics near the strike points in various divertor configurations. This is the first study of its kind, even though oscillations at the edge GAM frequency were occasionally detected before by, e.g., D α measurements in Globus-M [17] and Langmuir probe measurements in Alcator C-Mod [18] . An extensive characterization has been provided in varying divertor geometries. The results suggest a modulated particle flux that is qualitatively consistent with gyrokinetic simulations. Its underlying physical mechanism remains to be understood and may be related to avalanche phenomena. and a Super-X #54308 TCV discharge; (Left) equilibria of LSN phases of the same discharges. The red squares highlight the magnetic probes on which the GAM is detectable; the blue circles represent the Langmuir probes on which the GAM is detectable. (Middle) GAM mode power on magnetic probes measured in these discharges, respectively. The blue circles indicate the LSN phase, the red stars indicate the SF/Super-X phase. The mode power is calculated by integrating the power spectrum over a 10 kHz frequency range around the GAM frequency, and the spectrum is calculated over a 40 ms time window with 1 kHz frequency resolution.
